The aim of this study was to determine whether poor collaterals contribute to the occurrence of certain types of cognitive disorders in asymptomatic middle cerebral artery stenosis (MCAS).
Background
Atherosclerosis is a chronic systemic inflammatory disease affecting all arteries in the body [1] . It is a leading cause of mortality world-wide [2] . Intracranial atherosclerosis is the most common vascular lesion in Asian patients [3, 4] , In China, intracranial atherosclerotic stenosis is not only a causal risk factor of ischemic stroke [5, 6] , but is also an independent risk factor for cognitive decline [7] . The middle cerebral artery (MCA) is one of the most common sites of intracranial atherosclerosis [8] . Cognitive performance has been reported to be affected in patients with severe middle cerebral artery stenosis (MCAS) and the causal link has been demonstrated [9] . However, it is unclear whether patients with asymptomatic severe MCAS suffer from persistent cognitive decline in the following years.
Leptomeningeal collaterals are a network of small blood vessels connecting distal regions of the intracerebral arterial system [10, 11] . Leptomeningeal collaterals maintain the perfusion of ischemic areas after MCA stenosis or occlusions [12] . Good leptomeningeal collateral status is associated with better functional outcomes, lower risk of hemorrhagic transformation, and smaller infarct volumes after a proximal arterial stenosis or occlusion [13] [14] [15] [16] [17] [18] . Nevertheless, to the best of our knowledge, the factors associated with cognitive dysfunction after severe MCAS with different degrees of collateral circulation are unclear.
We therefore performed a prospective cohort, cross-sectional, single-center study. The cognitive performances of patients after severe MCAS with different degrees of collateral circulation were evaluated. We hypothesized that severe MCAS with poor collateral circulation would be associated with poor cognitive function over time.
Material and Methods

Participants
We registered consecutive patients who had been screened for MCAS by transcranial Doppler (TCD) at the stroke screening outpatient clinic or medical examination center of Shengli Oilfield Central Hospital from January 2013 and June 2016. This was a prospective, long-term follow-up study on the cognitive function of unilateral asymptomatic severe MCAS in Chinese adults. Severe MCAS was defined as stenosis of 71% or more in MCA. The degree of stenosis was measured by computed tomography angiography (CTA). Exclusion criteria for patients and healthy volunteers were as follows: (1) History of stroke or transient ischemic attack, (2) Presence of neurologic deficits, (3) Stenosis or occlusion of 50% or more in large intracranial vessels (anterior cerebral artery, internal carotid artery, basilar artery, and vertebral artery), (4) Prior dementia, (5) Mini-Mental State Examination score less than 24, and (6) Neurological diseases affecting cognitive function (e.g., Parkinson's disease).
This prospective cohort study was approved by the hospital ethics committee and consent was obtained from all participants.
Control group
Forty-two healthy controls were recruited from the medical examination center. All participants were free from unilateral asymptomatic MCAS based on age and number of vascular risk factors (including smoking status, history of diabetes mellitus, history of hypertension, and history of dyslipidemia). All detailed baseline data were recorded. The controls underwent the same imaging and neuropsychological assessment as did the patients with MCAS.
Imaging
All patients underwent CTA using a 64-slice multidetector CT scanner (Brilliance-64, Philips Healthcare, Best, The Netherlands) as previously described [19] . The scanning coverage was from arch to vertex with continuous axial sections parallel to the orbitomeatal line and with 0.6-1.25 mm section thickness, and 50 mL of contrast media was injected followed by 50 mL of saline with a flow of 5 mL/s. Scans were considered optimal for scoring collaterals if they included complete coverage from base of skull to vertex, It ensures adequate time for retrograde opacification of the leptomeningeal collateral-dependent slower filling MCA branches distal to the M1 occlusion in our study. Using criteria established in the WarfarinAspirin Symptomatic Intracranial Disease Trial, severe MCAS (i.e., no detectable stenosis, <50% stenosis, 51%-70% stenosis, 71-99% stenosis, and occlusion) was evaluated by craniocervical CTA [20] .
Brain MRI was performed (3.0-T Magnetom scanner; Achieva 3.0T, Philips Medical Systems, Best, the Netherlands) within 7 days after admission according to the following parameters. Diffusion-weighted imaging used repetition time (TR)/echo time (TE)=3800/93 milliseconds, 2-mm interslice gap, field of view (FOV)=250×250 mm, slice thickness=5 mm, and b-values of 0 s/mm 2 and 1000 s/mm 2 .
Two certified readers independently evaluated the images in a blinded manner. Each CTA study was evaluated for leptomeningeal collaterals according to Miteff system.
Imaging analysis
The Miteff scale is a 3-point scale that grades middle cerebral artery collateral branches with respect to the Sylvain 4052 fissure [21] . The grades assigned are as follows: a score of 1 indicated "poor" collateral status when the contrast opacification was merely observed in the distal superficial branches ( Figure 1A) ; a score of 2 was designated "moderate" collateral status if vessels were observed at the Sylvian fissure ( Figure 1B) ; and a score of 3 was designated "good" collateral status, which showed the entire MCA distal to the stenosis segment reconstituted with contrast ( Figure 1C ). 
Neuropsychological assessment
Neuropsychological assessment was performed at follow-up after 2 years. The main cognitive domains were evaluated within 7 days after the qualifying event. Executive functioning, including response generation and inhibition, was evaluated with a verbal fluency task (VFT) and the Abbreviated Stroop Color Word Test, respectively [22] . Information-processing speed was tested with cards I and II of the Abbreviated Stroop Color Word Test and the Symbol-Digit Modalities Test (SDMT) [23, 24] . The Auditory Verbal Learning Test (AVLT) was used to measure working memory, including immediate recall and delayed free recall [25] , and attention was evaluated by the Paced Auditory Serial Addition Test (PASAT) [26] .
Other measurements
Education level, age, body mass index, and gender were recorded. Baseline vascular risk factor assessment (diabetes mellitus, hypertension, dyslipidemia, current smoking habit, and current drinking habit) was performed. The Hospital Anxiety and Depression Scale depression subscale was used for assessing depressive symptoms [27] .
White matter hyperintensity (WMH) was classified into deep white matter hyperintensities (d-WMHs) and periventricular white matter hyperintensities (p-WMHs) [28] . The severity of the WMHs was rated using the Fazekas scale, ranging from 0 to 6 [29] . D-WMHs scores assigned are the following: 0: absent, 1: punctate foci, 2: beginning confluence of foci, and 3: large confluent areas. P-WMHs scores assigned are the following: 0: absent, 1: caps or pencil lining, 2: smooth halo, and 3: irregular periventricular WMH extending into deep white matter. The total WMH score was calculated by summing the scores of p-WMHs and d-WMHs.
Statistical analysis
IBM Statistical Product and Service Solutions Statistics version 20 (Armonk, NY, USA) was used for data analysis. Patients were grouped according to Miteff scale (good collateral circulation, moderate collateral circulation, and poor collateral circulation). Continuous variables were expressed as means ±SD, and categorical variables were expressed as frequencies and percentages. Baseline characteristics were analyzed with MannWhitney U test, Pearson c 2 , and t test. Baseline domain-specific cognitive performance was analyzed with ANCOVA. The relationship of cognitive domains with collateral circulation was evaluated with multiple logistic regression analyses. The age, silent brain infarct, and leukoaraiosis were adjusted in all analyses. The critical value of a was set at 0.05.
Results
Baseline characteristics
A total of 181 patients were admitted to Shengli Oilfield Central Hospital from January 2014 to June 2016, including 58 females (33.5%) and 115 males (66.5%). During the 2-year follow-up, 8 patients (5 patients due to stroke and 3 patients due to MiniMental State Examination score less than 24) were excluded; thus, 173 patients were enrolled for analysis (mean age 59.4 years, 66.5% males). The baseline characteristics according to collateral circulation grades of MCAS are shown in Table 1 . There were fewer women in the "moderate" and "poor" collateral status groups. Individuals with "moderate" collateral status or "poor" collateral status were more likely to have silent brain infarct (P=0.025 and P<0.001, respectively). There was a significant difference in Fazekas score between each group (P=0.001). Although the percentage of incomplete Circle of Willis (CoW) increased along with changes of collateral status, there was no significant difference among the groups. Other baseline characteristics of the MCAS patients and control group in the study are shown in Table 1 .
Cognition evaluation
Baseline cognitive tests were performed at a mean of 2.6 days (interquartile range, 0-5 days; median, 2 days mean) after admission. MCAS patients had worse performance than controls in individual cognitive test and cognitive domains, but not episodic memory (Table 2) . Specifically, cognitive test of VFT (P=0.001 and P<0.001, respectively), Stroop task (P<0.001 and P<0.001, respectively), Stroop interference task (P<0.001 and P<0.001, respectively), SDMT (P=0.004 and P<0.001, respectively), and PASAT (P=0.001 and P<0.001, respectively) in "moderate" collateral status and "poor" collateral status patients were significantly worse than for the "good" collateral status patients. "Poor" collateral status patients persistently performed worse in cognitive function test of VFT (P=0.001), SDMT (P=0.002), and PASAT (P=0.001) than "moderate" collateral status patients (Table 2) . Cognitive changes in 3 leptomeningeal collateral status stratified by the side of MCAS are presented in Table 3 . There was no significant difference in cognitive function between the MCAS subgroups of patients.
For "good" collateral status patients, there was no significant difference in cognitive test during the 2-year follow-up period. A significant reduction in VFT (P=0.012), Stroop task (P=0.049), SDMT (P=0.009), and PASAT (P=0.002) was observed in the patients with "moderate" collateral status between baseline and 2-year cognitive evaluation (Table 4) . VFT (P<0.001), Stroop task (P=0.005), Stroop interference task (P=0.001), SDMT (P<0.001), and PASAT (P<0.001) were also significantly worse in "poor" collateral status patients after 2 years (Table 4) . 
Multiple regression analysis in MCAS patients
The results of the multiple regression models were adjusted for influencing factor from the multivariable-adjusted models, for cognitive domains, with different grades of collateral circulation as categorical variables. There was a significant association of "moderate" collateral circulation with VFT (OR=0. (Table 5) .
Discussion
In this prospective study, patients who had severe MCAS with "moderate" and "poor" collateral circulation status in the previous 2 years had function impairment in at least 1 cognitive domain. The most affected cognitive domains were attention, executive function, and information-processing speed, unrelated to the presence and severity of WMH and silent brain
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infarct. Episodic memory remained relatively intact. However, the cognitive function of severe MCAS patients with "good" collateral circulation status was not significantly affected. These findings are consistent with previous reports [30, 31] suggesting that intracranial atherosclerotic stenosis is an important contributor to cognitive decline. However, the mechanisms by which large-vessel disease causes cognitive impairment, or whether this is only an association, are unclear.
Current theories on pathogenesis of cognitive decline suggest that there is a continuum between cerebral large-vascular disease and cognitive impairment [32] . There is increasing recognition that atherosclerosis in large vessels is driven by the mechanisms of microcirculatory disturbance. Moreover, the probable pathophysiology of cognitive decline is chronic hypoperfusion in the brain parenchyma [9] . Intracranial atherosclerotic stenosis exacerbates cerebral hypoperfusion, which may subsequently cause brain atrophy, cognitive decline, and dementia [33] . Our results indicate that severe MCAS is associated with cognitive impairment.
Leptomeningeal collaterals are a subsidiary vascular network of small blood vessels connecting distal regions of the intracerebral arterial system [34] [35] [36] . Collaterals formation is dependent on natural, genetically determined differences in the affected tissue and the vigor of the molecular mechanisms [37, 38] . The preservation of flow through leptomeningeal collaterals is known to protect brain tissue against ischemia damage after proximal arterial stenosis or occlusion, such as MCA. The deficiency in leptomeningeal collaterals circulation is related to cognitive decline. One possible explanation is that severe MCAS with "good" collateral status ensures sufficient blood supply to the MCA-region, making "good" collateral status a better indicator of cognitive performance. Previous data on cognitive function in asymptomatic severe MCAS are scarce and heterogeneous. Furthermore, cognitive assessment, such as the Montreal Cognitive Assessment and Mini-Mental State Examination, are primary screening tools, which have low sensitivity to mild cognitive decline and cannot evaluate changes in specific cognitive domains [39] . However, herein, a sensitive neuropsychological test, assessing the major cognitive domains defined by international standards [40] , was performed. Therefore, conclusions on domain-specific cognition were drawn. The cognitive profile in severe MCAS with poor collaterals was obviously impaired in information-processing speed, executive function, and attention, but not episodic memory. The impairment of non-amnestic cognition was similar to that of vascular cognition. The profile was possibly caused by disruption of subcortical-frontal connections involved in cognitive processing. The cognitive profile of asymptomatic severe MCAS patients not been studied, except for one study that reported a patient with severe MCAS, in which Mini-Mental State Examination instead of comprehensive neuropsychological evaluation was performed [41] .
Although the present study has some interesting results, it has some limitations. First, the time course between cognitive function and severe MCAS could not be established due to the crosssectional design. Second, 2-year follow-up is not long enough to monitor cognitive changes. Severe MCAS patients do not report subjective cognitive complaints more frequently than healthy individuals. Finally, the subjects of our study may not be representative of the whole severe MCAS population due to our limited sample size. Future studies with larger and demographically varied samples are warranted.
Conclusions
In conclusion, MCAS patients with moderate and poor collateral circulation have impairment of ³1 cognitive domain over time. Cognitive function decline in MCAS patients is a dynamic Table 5 . Multiple regression analysis in MCAS patients.
* For difference in cognitive function at baseline using analysis of covariance, adjusted for age, silent brain infarct and leukoaraiosis.
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process in which (especially) attention, executive function, and information-processing speed are insufficient after collateral compensation. The affected domains are consistent with the profile of vascular cognitive impairment. Good collateral circulation plays a vital role in sustaining blood flow to the ischemic areas after MCA stenosis and seems to be associated with less risk for vascular cognitive impairment.
